Introduction {#s1}
============

Recently, transcription activator-like effector nucleases (TALENs) and other customizable site-specific nucleases have been widely used for genetic engineering in various cells and animals \[[@r4], [@r15]\]. Such nuclease-mediated double-strand breaks at the specified genomic region are mainly repaired by error-prone non-homologous end-joining, resulting in disruption of gene functions caused by randomly induced insertions and deletions.

Knockout and knockin mice have conventionally been produced by an embryonic stem cell-mediated strategy depending on homologous recombination between genomic DNA and a targeting construct \[[@r1]\]. In these situations, direct production of various genome-edited mice by zygote injection with customized nucleases such as TALENs has been taking the place of conventional gene targeting owing to its simplicity and quickness \[[@r2], [@r5], [@r11], [@r12], [@r16], [@r17], [@r19]\]. However, it has never been ascertained whether reproductive engineering techniques such as *in vitro* fertilization (IVF) and cryopreservation of embryos or spermatozoa can be used for genome editing in mice.

Fertilized oocytes for TALEN injection are generally obtained by mating a male mouse and a superovulated female mouse, and used without cryopreservation. As this method constantly requires many male mice accommodated in separate cages, occupation of breeding space and the burden of breeding costs often plague researchers and facilities. In addition, fertilized oocytes must be collected each time on the experimental day. However, if frozen oocytes can be used for the injection, the breeding costs will be reduced and the working efficiency will be greatly improved. Moreover, if it is possible to use frozen oocytes manufactured by IVF, the hurdles for creating genome-edited mice will be further lowered.

Here, we investigated whether frozen oocytes created by mating and IVF using fresh or freeze-thawed sperm can be used for TALEN-mediated gene disruption. We used ICR female mice and male mice harboring a single-copy transgene encoding β-lactamase (bL), which is not expressed in mice and is expected to have no influence on mouse development following TALEN-mediated gene disruption. In addition, we examined endogenous genome editing with TALENs targeting the C-type lectin domain family 4, member b1 (*Clec4b1*) gene using fresh and freeze-thawed fertilized oocytes, which were obtained by mating male mice and 5-week-old or 8--12-week-old female mice. The pups were analyzed by screening methods described in a previous report \[[@r9]\] and the genome editing efficiency was evaluated accordingly.

Materials and Methods {#s2}
=====================

Mice harboring the bL transgene
-------------------------------

Ayu 8104, a mouse strain harboring the *bL* transgene, was originally generated by insertion of a gene trap vector into the mouse *Crk* gene \[[@r3]\]. Single-copy insertion was previously confirmed by Southern blot analysis \[[@r3]\]. Homozygous *Crk* mutant mice did not exhibit any obvious abnormalities. The mutant allele was subsequently transferred to ICR mice. The parental mice for TALEN injection had the homozygous *bL* gene with the complete ICR background.

Fertilized oocytes of ICR female mice mated with Ayu 8104 male mice
-------------------------------------------------------------------

To obtain fertilized oocytes for injection of *bL* TALENs, ICR female mice were induced to superovulate using 7.5 IU of pregnant mare serum gonadotropin (PMSG) (Serotropin; Aska Pharmaceutical, Tokyo, Japan) and 7.5 IU of human chorionic gonadotropin (hCG) (Veterinary Puberogen; Novartis Animal Health, Tokyo, Japan) at 10 weeks of age. The mice were then mated with the Ayu 8104 male mice described above. Fertilized oocytes were collected from 15 females displaying vaginal plugs. Fertilized oocytes forming male and female pronuclei were used for *bL* TALEN injection with or without cryopreservation. Cryopreservation of fertilized oocytes was performed by a simple vitrification method \[[@r8], [@r10]\].

IVF with fresh or cryopreserved sperm of Ayu 8104 mice
------------------------------------------------------

Sperms were obtained from two Ayu 8104 male mice at 4 months of age. A cauda epididymidis was removed from each of the two males and combined to exclude any influence on IVF and embryogenesis by individual male differences, and then used for IVF with fresh sperm or cryopreserved sperm. The procedures for sperm preparation were in accord with the previous report \[[@r8]\].

ICR female mice were induced to superovulate at 10 weeks of age by the same procedures described above. IVF was performed according to the previous report \[[@r8]\]. The nine or eight female mice were euthanized for IVF with fresh or freeze-thawed sperm, respectively. The cumulus-oocyte complexes (COCs) were introduced into the drop of CARD MEDIUM. After preincubation of the sperm, the fresh or freeze-thawed sperm was added to the drop containing COCs. After 3--6 hours, the inseminated oocytes were rinsed and the fertilized oocytes forming male and female pronuclei were cryopreserved. The frozen oocytes were thawed and used for *bL* TALEN injection.

Fertilized oocytes of C57BL/6N mice
-----------------------------------

To obtain fertilized oocytes for *Clec4b1* TALEN injection, mature or immature C57BL/6N female mice were sperovulated, and then mated with C57BL/6N male mice. Mature females were used at 8--12 weeks of age. For immature females, PMSG and hCG (5 IU each) were administered at 5 weeks of age. The fertilized oocytes were collected and used for *Clec4b1* TALEN injection with or without cryopreservation.

Platinum TALEN plasmid construction and mRNA preparation
--------------------------------------------------------

Platinum TALEN plasmids were constructed as previously described \[[@r14]\]. Briefly, cloned TALE repeats were assembled into ptCMV-153/47-VR vectors using the two-step Golden Gate cloning method. The *bL* TALEN target sequence is indicated in [Suppl. Fig. 1A](#pdf_001){ref-type="supplementary-material"}. The TALEN target sequence in *Mus musculus* C-type lectin domain family 4, member b1 (*Clec4b1*) is indicated in [Suppl. Fig. 1B](#pdf_001){ref-type="supplementary-material"}. TALEN mRNAs were synthesized from plasmids linearized by *Sma*I digestion and purified as previously described \[[@r13]\].

Microinjection of TALEN mRNAs
-----------------------------

TALEN mRNAs were diluted in RNase-free PBS at 150 ng/µl for each TALEN, and then used for the microinjection as previously described \[[@r9]\].

Analyses for mutant screening
-----------------------------

Screening of mutants was performed by heteroduplex mobility assay (HMA), restriction fragment length polymorphism (RFLP) analysis and DNA sequencing, as we described previously \[[@r9]\]. Briefly, genomic DNA was extracted from the tail of each pup. Genomic PCR for amplification of the *bL* gene was performed under the following conditions: 95°C for 2 min; followed by 35 cycles of 95°C for 30 s, 66°C for 30 s, and 72°C for 20 s. The PCR primers for the *bL* gene were 5′-GTATTCAACATTTCCGTGTCGCC-3′ and 5′-GATAATACCGCGCCACATAGCAG-3′. Genomic PCR for amplification of the *Clec4b1* gene was performed under the following conditions: 94°C for 2 min; followed by 35 cycles of 94°C for 30 s, 59°C for 30 s, and 72°C for 20 s. The PCR primers for the *Clec4b1* gene were 5′-GGCTATCTCTGTGGTATTTAGCTC-3′ and 5′-CCACTTGTCTGCATGGTTAC-3′. Each PCR product was subjected to agarose gel electrophoresis and ethidium bromide staining for the HMA.

For RFLP analysis, the PCR products were precipitated with ethanol. Each sample was then digested at 37°C overnight in 10 *µ*l of digestion solution containing 1×CutSmart buffer and 1.25 U of *Hph*I (New England Biolabs, Tokyo, Japan) or *Hpy*188III (New England Biolabs) for the *bL* and *Clec4b1* genes, respectively. The digested products were subjected to agarose gel electrophoresis and ethidium bromide staining.

For DNA sequence analysis, the PCR products were subcloned and sequenced as previously described \[[@r9]\].

Results and Discussion {#s3}
======================

TALEN-mediated transgene disruption using freeze-thawed oocytes fertilized in vitro
-----------------------------------------------------------------------------------

To assess the availability of reproductive engineering techniques for mouse genome editing, we first conducted TALEN-mediated transgene disruption using the previously described gene-trapped mouse strain Ayu 8104 \[[@r3]\] ([Fig. 1A](#fig_001){ref-type="fig"}Fig. 1.Schematic overview of this study. (A) Scheme of the examinations targeting the transgene. Four kinds of fertilized oocytes were used for injection of the TALEN mRNAs. The first two kinds of oocytes were produced by IVF treatment using fresh or frozen sperm, and then cryopreserved. After thawing the oocytes, microinjection of the TALEN mRNAs was performed. The other two kinds of oocytes were fresh or freeze-thawed oocytes collected from female mice mated with male mice. (B) Scheme of the examinations targeting the endogenous gene. Four kinds of fertilized oocytes were used. Sexually mature or immature female mice were mated with male mice, and then fertilized oocytes were collected and used for injection with or without cryopreservation.), followed by three-step screening of mutants by HMA, RFLP analysis, and DNA sequencing, as described previously \[[@r9]\].

As a control, we collected fertilized oocytes from ICR female mice mated with Ayu 8104 male mice, and the *bL* TALEN mRNAs were injected into fresh fertilized oocytes ([m]{.ul}ated [u]{.ul}nfrozen oocytes: MU). At the same time, half of the fertilized oocytes were cryopreserved, and then thawed and used for injection of the TALEN mRNAs at a later occasion ([m]{.ul}ated [f]{.ul}rozen oocytes: MF).

After freeze-thawing of oocytes, sufficient numbers of normal oocytes could be used for injection and sufficient numbers of pups could be analyzed in both groups ([Table 1](#tbl_001){ref-type="table"}Table 1.TALEN-mediated *bL* gene disruption in Ayu 8104 miceGroupFertilizationSpermFertilized oocytesInjectedTransferredNewbornsAnalyzed pupsMutantsMU (control)Mating-Unfrozen564010 (25.0%)108 (80.0%)MFMating-Frozen524821 (43.8%)217 (33.3%)IUFIVFUnfrozenFrozen897222 (30.6%)2010 (50.0%)IFFIVFFrozenFrozen53316 (19.4%)62 (33.3%) and [Suppl. Table 1](#pdf_002){ref-type="supplementary-material"}). Genomic DNA was extracted from all pups and used for genomic PCR amplification around the TALEN target site. The individual products were subjected to agarose gel electrophoresis for the HMA, followed by RFLP analysis. To confirm mutations of amplicons suggestive of mutant mice, sequence analyses were conducted ([Suppl. Fig. 2](#pdf_001){ref-type="supplementary-material"}). All of the sequenced amplicons were determined to have mutations, including deletions ranging from a single base to several dozen bases. Overall, the percentages of mutant mice in the MU and MF groups were 80.0% (8/10) and 33.3% (7/21), respectively ([Table 1](#tbl_001){ref-type="table"} and [Suppl. Table 2](#pdf_002){ref-type="supplementary-material"}).

In the MU group, the number of newborns was fewer than in the MF group. On the other hand, the percentage of mutants in the MU group was higher than in the MF group. These differences might be caused by the condition of injection needles, because slight differences in the thickness of needles can affect cell damage and quantity of injected mRNA. Further examinations are needed for the statistical comparison.

Next, we examined injection of the *bL* TALEN mRNAs into freeze-thawed oocytes produced by IVF using fresh or cryopreserved sperm of the Ayu 8104 strain ([I]{.ul}VF with [u]{.ul}nfrozen sperm, followed by [f]{.ul}reeze-thawing: IUF; [I]{.ul}VF with [f]{.ul}rozen sperm, [f]{.ul}ollowed by freeze-thawing: IFF) ([Fig. 1A](#fig_001){ref-type="fig"}). Although the percentages of normal oocytes were slightly decreased in the IUF and IFF groups, 60.8% (135/222) and 70.6% (84/119), respectively, compared with the MF group and the survival rate after injection was relatively low in the IFF group, we were definitely able to obtain pups for genotyping ([Table 1](#tbl_001){ref-type="table"} and [Suppl. Table 1](#pdf_002){ref-type="supplementary-material"}).

As a result of the HMA, eight pups in the IUF group and two pups in the IFF group were selected as candidates for mutant mice ([Suppl. Table 2](#pdf_002){ref-type="supplementary-material"}). The next screening step, RFLP analysis, revealed that three pups in the IUF group were supposed to be mutant mice ([Suppl. Table 2](#pdf_002){ref-type="supplementary-material"}). Sequence confirmation finally identified that 50.0% of pups (10/20) in the IUF group and 33.3% of pups (2/6) in the IFF group harbored mutations ([Table 1](#tbl_001){ref-type="table"}, [Suppl. Fig. 2](#pdf_001){ref-type="supplementary-material"} and [Suppl. Table 2](#pdf_002){ref-type="supplementary-material"}). These results suggested that cryopreserved oocytes had sufficient capability for mutant mouse generation using TALENs.

TALEN-mediated endogenous gene disruption using oocytes from female mice at different weeks of age
--------------------------------------------------------------------------------------------------

We further tested TALEN-mediated endogenous gene targeting using fresh or freeze-thawed oocytes of C57BL/6N mice for the general production of genome-edited mice using cryopreserved oocytes ([Fig. 1B](#fig_001){ref-type="fig"}). When performing IVF, according to our previous examination regarding the number of ovulated oocytes, the fertility rate and the birth rate using mature and immature C57BL/6 female mice for IVF, fewer oocytes were ovulated in mature females compared with immature females (24 ± 12 vs. 37 ± 5 oocytes/female). However, the fertility rate and the birth rate in using mature females were higher than in using immature females (fertility rate: 86% vs. 96%, birth rate: 31% vs. 52%) (unpublished data). Therefore, to certify the availability of female mice of various ages as sources of cryopreserved fertilized oocytes in TALEN-mediated genome editing, sexually mature females at 8--12 weeks of age and sexually immature females at 5 weeks of age were used ([m]{.ul}ated [u]{.ul}nfrozen [m]{.ul}ature oocytes: MUM; [m]{.ul}ated [u]{.ul}nfrozen [i]{.ul}mmature oocytes: MUI; [m]{.ul}ated [f]{.ul}rozen [m]{.ul}ature oocytes: MFM; [m]{.ul}ated [f]{.ul}rozen [i]{.ul}mmature oocytes: MFI).

The survival rates after freeze-thawing and microinjection of TALENs were sufficiently high in all groups, but the numbers of newborns were slightly decreased in the MFM and MFI groups ([Table 2](#tbl_002){ref-type="table"}Table 2.TALEN-mediated *Clec4b1* gene disruption in C57BL/6N miceGroupFertilizationFertilized oocytesAges in weeksInjectedTransferredNewbornsAnalyzed pupsMutantsMUMMatingUnfrozen8--12 (Mature)1039021 (23.3%)2019 (95.0%)MUIMatingUnfrozen5 (Immature)806620 (30.3%)2019 (95.0%)MFMMatingFrozen8--12 (Mature)64597 (11.9%)66 (100.0%)MFIMatingFrozen5 (Immature)666312 (19.0%)1212 (100.0%) and [Suppl. Table 3](#pdf_002){ref-type="supplementary-material"} ). The first screening by the HMA showed that approximately half of the screened pups had some sort of mutation in all groups ([Suppl. Table 4](#pdf_002){ref-type="supplementary-material"}). The remaining pups were subsequently analyzed by RFLP, with the surprising result that all of the pups analyzed appeared to be mutant mice except for one pup in the MUM group and another one pup in the MUI group ([Suppl. Table 4](#pdf_002){ref-type="supplementary-material"}). Excluding the amplicons from these two pups, all of the PCR products were sequenced and confirmed to be mutants ([Suppl. Fig. 3](#pdf_001){ref-type="supplementary-material"} and [Suppl. Table 4](#pdf_002){ref-type="supplementary-material"}). Taking the above results together, the rates of mutant mice in the individual groups were 95.0% (19/20) in the MUM group, 95.0% (19/20) in the MUI group, 100% (6/6) in the MFM group, and 100% (12/12) in the MFI group ([Table 2](#tbl_002){ref-type="table"} and[Suppl. Table 4](#pdf_002){ref-type="supplementary-material"} ).

Future perspectives for utilization of cryopreservation in mouse genome editing
-------------------------------------------------------------------------------

Since the survival of frozen mouse embryos was reported by Whittingham in 1972 \[[@r18]\], embryo cryopreservation has been broadly used for preserving and transporting genetically engineered mice. In this study, we report the availability of freeze-thawed oocytes for injection of TALEN mRNAs. Cryopreserved oocytes produced not only by mating but also by IVF with fresh or freeze-thawed sperm were proven to be utilizable for TALEN-mediated genome editing. In addition, there were no differences in the pattern of mutations among four groups except some insertions detected in three groups in which freeze-thawed oocytes were used. Generally, sufficient numbers of sperm to perform IVF can be taken from one sexually mature male mouse when it has normal fecundity. Moreover, it is not necessary to prepare living male mice if cryopreserved sperm can be used for IVF. We further revealed that the genome editing efficiency for targeting an endogenous gene was enormously high using both frozen and fresh oocytes derived from mature and immature female C57BL/6N mice. The background strain of genetically engineered mice is typically C57BL/6 and the survival rate after freeze-thawing is, in general, very good and stable \[[@r6], [@r10]\].

Therefore, we think that cryopreserved oocytes are significantly useful and can improve the work performance for TALEN- or CRISPR/Cas9-mediated genome editing in mice, not only for routine production of knockout mice using the C57BL/6 strain, but also for various other situations such as adding a new gene modification into an already-established genetically engineered mouse strain, especially when it is difficult to prepare many male mice for mating or when only cryopreserved sperm of the intended male mice is available. Since it has been reported that transgenic mice can also be produced using cryopreserved oocytes \[[@r7]\], reproductive engineering techniques will likely play a significant role in generating a variety of genetically engineered mice.
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